Abstract: Although antiretroviral therapy (ART) greatly suppresses HIV replication, lymphoid tissues remain a sanctuary site where the virus may replicate. Tracking the earliest steps of HIV spread from these cellular reservoirs after drug cessation is pivotal for elucidating how infection can be prevented. In this study, we developed an in vivo model of HIV persistence in which viral replication in the lymphoid compartments of humanized mice was inhibited by the HIV reverse transcriptase inhibitor 4 -ethynyl-2-fluoro-2 -deoxyadenosine (EFdA) to very low levels, which recapitulated ART-suppression in HIV-infected individuals. Using a combination of RNAscope in situ hybridization (ISH) and immunohistochemistry (IHC), we quantitatively investigated the distribution of HIV in the lymphoid tissues of humanized mice during active infection, EFdA suppression, and after drug cessation. The lymphoid compartments of EFdA-suppressed humanized mice harbored very rare transcription/translation-competent HIV reservoirs that enable viral rebound. Our data provided the visualization and direct measurement of the early steps of HIV reservoir expansion within anatomically intact lymphoid tissues soon after EFdA cessation and suggest a strategy to enhance therapeutic approaches aimed at eliminating the HIV reservoir.
Introduction
Despite the extraordinary success of antiretroviral therapy in suppressing viremia in HIV-infected individuals [1] [2] [3] , ART cannot eliminate all persistently infected cells enabling a stable viral reservoir that remains in the body, and HIV re-establishes active infection after ART is discontinued [4] [5] [6] [7] [8] [9] . HIV most commonly enters the body through mucosal surfaces and then disseminates throughout the lymphoid tissues [10] [11] [12] [13] [14] , which serve as sanctuary sites where HIV may replicate at low levels despite potent ART and undetectable viremia [3, 7] . It is believed that cell-to-cell spread is a crucial factor enabling virus replication during ART [15, 16] . The mechanisms involved in the maintenance and persistence of the HIV reservoir could be multi-factorial and may include insufficient penetration of antiviral drugs into tissues where virus persistently replicates [3, 5] , intrinsic stability, and periodic proliferation of latently infected resting CD4 + T cells bearing an infectious virus [4, 6, [17] [18] [19] [20] , and the
Data Analysis
The numbers of HIV RNA + or HIV DNA + cells in various tissue samples were assessed using 3 or 4 cross-sections taken at different levels of the tissue block. In addition, 30 to 50 high-power (63×) microscope fields of the regions containing human cells were randomly chosen from 5 to 10 different areas of the tissue section and captured digitally with the system described above. Image acquisition parameters were kept constant throughout each experiment. Each captured field included an area of approximately 0.04 mm 2 , and ImageJ software was used to quantify the number of positive cells. The numbers of HIV RNA + or HIV DNA + cells were presented as cells per mm 2 . When comparisons were performed between different organs (spleen, lung, and Thy/Liv implants), the number of HIV RNA + cells was calculated per 10 5 cells [40] . In brief, conventional bright-field RGB color images were split by ImageJ. The red component (greater contrast nuclei staining) was selected [41] and used to assess the total number of cells per image. Nuclei were segmented by thresholding the red channel. The segmentation was then watershed, and the segmented object was counted. The number of HIV RNA + cells per image was divided by the estimated number of cells determined by the nuclei segmentation in that image and multiplied by 10 5 [40] .
Statistical analysis was performed by the nonparametric Mann-Whitney U-test. A P value of <0.05 was considered statistically significant. 
Results

Human T Cells and Macrophages Constitute a Substantial Population of HIV-Susceptible Cells in the Lymphoid Compartments of NSG-BLT Mice
Since, in HIV-infected individuals, HIV RNA was detected at higher frequencies in primary (tonsil and bone marrow) [42] and secondary lymphoid tissues, such as gut-associated lymphoid tissue (GALT) [43, 44] and lymph nodes [45] , our experiments focused on the investigation of the cellular reservoir of HIV in the lymphoid compartments of NSG-BLT mice. To document the superior human leukocyte engraftment and susceptibility to HIV infection in the lymphoid compartments of NSG-BLT mice, we employed a combination of state-of-the-art RNAscope ISH technology and IHC. NSG-BLT mice were inoculated i.p. with HIV-1 JR-CSF and, 2 weeks later, Thy/Liv implants and mouse lungs and spleens were collected for tissue analysis. At this stage of infection, the lymphoid white pulp of the mouse spleens displayed a high level of human CD3 cell engraftment, and many of CD3 + cells contained HIV RNA ( Figure 1A ). RNAscope ISH is an exceptionally sensitive method that allows the visualization of individual RNA molecules as intensely staining discrete puncta [46] . In cells expressing a high level of HIV RNA, individual puncta fuse together and appear as dense staining of the entire cell. Therefore, we were able to distinguish cells containing a high level of HIV RNA (dense fuchsia staining in the nucleus and cytoplasm) from those with a low level of HIV RNA (discrete fuchsia puncta in the nucleus and cytoplasm) ( Figure 1A , inset). Although the majority of HIV RNA + cells were hCD3 + T cells, human CD68 + CD163 + macrophages containing single fuchsia puncta in the nucleus were detected occasionally in the marginal zone ( Figure 1B, inset) . Although the RNAscope gag-pol probe that was used in the assay is optimally designed to detect HIV RNA, it may also detect the sense strand of integrated HIV DNA. Consequently, discrete fuchsia puncta identified in the nucleus of human CD68 + CD163 + macrophages may indicate integrated HIV DNA and be a sign of ongoing virus replication. Notably, the distribution of HIV RNA + cells in the spleen white pulp and the Thy/Liv implants was similar, and the Thy/Liv implants also revealed numerous HIV RNA + T cells ( Figure 1C ). Human CD68 + CD163 + macrophages intercalated between T cells occasionally contained single fuchsia puncta in the nucleus and cytoplasm ( Figure 1D , inset), which suggests HIV replication in macrophages.
In the lung of NSG-BLT mice, we consistently detected abundant bronchus-associated lymphoid tissue (BALT) as a site of lymphoid organogenesis ( Figure S2A ). Although the frequency of BALT in mice is very variable [47] , we could sometimes detect small BALT nodules in non-engrafted NSG mice ( Figure S2B ). However, large BALT structures composed mostly of human CD45 + lymphocytes were commonly present in the lung of NSG-BLT mice ( Figure S2C,D) . Abundant HIV RNA were detected in hCD3 + T cells ( Figure 1E ) along with some hCD163 + /CD68 + ( Figure 1F ) macrophages in those lymphoid aggregates. Thus, the lymphoid compartments of HIV-infected NSG-BLT mice contained many human CD3 + T cells expressing a high level of HIV RNA that were surrounded by numerous CD3 + T cells containing a single HIV RNA molecule ( Figure 1A ,C,E, inset). Occasionally, HIV-infected hCD68 + CD163 + macrophages were detected with discrete HIV RNA signals in the nucleus and cytoplasm, which suggests active virus replication ( Figure 1B,D, inset) . GALT regions of rectosigmoid biopsies from untreated HIV-infected individuals [48] were used as a positive control for HIV detection ( Figure 1G,H) . Notably, rectosigmoid biopsies were highly enriched with CD68 + CD163 + macrophages, and some of them contained a single fuchsia punctum in the nucleus ( Figure 1H , inset) as did human macrophages in the lymphoid compartments of HIV-inoculated NSG-BLT mice ( Figure 1B,D) .
Taken together, these data indicate that HIV replicates robustly in the lymphoid compartments of NSG-BLT mice, similar to that in secondary lymphoid tissue in the human. Humanized NSG-BLT mice were inoculated intraperitoneally with 25,000 TCID50 HIVJR-CSF and euthanized 2 weeks later for tissue collection. HIV RNA was detected by RNAscope ISH using an HIV-gag-pol antisense probe in the mouse spleen (A,B), Thy/Liv implant (C,D), and mouse lung (E,F). Rectosigmoid biopsies from an untreated HIV-infected individual were used as a positive control for HIV detection (G,H). The RNAscope assay was followed by chromogenic immunohistochemistry for the human T-cell marker hCD3 (A,C,E) and the human macrophage markers hCD68 and hCD163 (B,D,F,H). Nuclei were counterstained with hematoxylin. Yellow (A-D,H) and black (E-G) oblongs indicate regions magnified in insets. The green arrowhead shows Figure 1 . Tissue distribution of human HIV RNA + cells in the lymphoid compartments of HIV-viremic NSG-BLT mice. Humanized NSG-BLT mice were inoculated intraperitoneally with 25,000 TCID 50 HIV JR-CSF and euthanized 2 weeks later for tissue collection. HIV RNA was detected by RNAscope ISH using an HIV-gag-pol antisense probe in the mouse spleen (A,B), Thy/Liv implant (C,D), and mouse lung (E,F). Rectosigmoid biopsies from an untreated HIV-infected individual were used as a positive control for HIV detection (G,H). The RNAscope assay was followed by chromogenic immunohistochemistry for the human T-cell marker hCD3 (A,C,E) and the human macrophage markers hCD68 and hCD163 (B,D,F,H). Nuclei were counterstained with hematoxylin. Yellow (A-D,H) and black (E-G) oblongs indicate regions magnified in insets. The green arrowhead shows macrophages containing a single fuchsia punctum in the nucleus. The results in (A-F) are representative of those observed in the spleen, Thy/Liv implant, and lungs from 6 untreated HIV-inoculated NSG-BLT mice.
The results in (G) and (H) are representative of those observed in rectosigmoid biopsies from 3 untreated HIV-infected individuals.
Fully Suppressive EFdA Treatment Impairs HIV RNA Production in the Lymphoid Tissues of NSG-BLT Mice
We reported that daily oral administration of the highly potent nucleoside analog EFdA at 10 mg/kg/day completely suppressed HIV viremia in NSG-BLT mice within 2 weeks of treatment [32] . These data prompted us to create an in vivo model of HIV persistence in which HIV replication in the lymphoid tissues of humanized mice is suppressed to extremely low levels, which recapitulated ART-suppression in HIV-infected individuals. The experimental approach of this model design is represented in Figure 2 . One cohort of 30 NSG-BLT mice was generated using 8-week-old NSG mice followed by injection of autologous CD34 + cells 3 weeks later. The engraftment of mouse peripheral blood with human leukocytes was evaluated by flow cytometry 10 weeks after CD34+ cell injection (2 weeks after HIV JR-CSF inoculation) (Figure 2A ). Human CD45 + cells were found in mouse peripheral blood typically ranging from 15% to 30% of total mouse and human leukocytes with the proportions of CD4 + and CD8 + cells similar to those in human blood.
NSG-BLT mice were inoculated with HIV JR-CSF 8 weeks after CD34+ cell injection, and, 2 weeks later, plasma and organs from 7 mice (group A) were collected to verify the establishment of HIV infection. HIV RNA levels in the plasma reached a mean of 3.4 log 10 copies per 100 µL ( Figure 3A ,B, 2 weeks after inoculation), and 4 out of 7 spleens contained numerous HIV RNA + cells with a mean of 1400 HIV RNA + cells per mm 2 ( Figure 3C , 2 weeks after inoculation). Having validated well-established HIV infection in the mice 2 weeks after virus inoculation, the remainder of the HIV-inoculated mice were treated for 4 weeks with EFdA (10 mg/kg/day by once-daily oral gavage, groups B and C) or were untreated (groups E and F) beginning 2 weeks after HIV JR-CSF inoculation ( Figure 2B ). Plasma and organs were collected 6 and 8 weeks after virus inoculation from HIV-inoculated EFdA-treated mice (groups B and C) and HIV-inoculated untreated mice (groups E and F).
Similar to our report [32] , daily oral administration of EFdA at 10 mg/kg/day completely suppressed HIV viremia in NSG-BLT mice within 4 weeks of treatment, but HIV RNA levels in the plasma rebounded to the levels of untreated controls within 2 weeks after EFdA cessation ( Figure 3A,B) . We next used a combination of RNAscope ISH and IHC to investigate HIV-infected cells in the lymphoid compartments of NSG-BLT mice during this viral suppression and rebound. Human CD3 + and CD163 + cells containing HIV RNA were enumerated in 50 images of representative lymphoid white pulp regions of each spleen and expressed as the number of HIV RNA + cells per mm 2 of 5-µm tissue cross-section ( Figure 3C ). We found that spleens of completely suppressed mice contained a mean of 62 HIV RNA + cells/mm 2 6 weeks after virus inoculation that was almost 25 times lower (P < 0.001) than that detected in the spleens of inoculated untreated mice (1500 cells/mm 2 ). Although the majority of HIV RNA + cells in the spleens of untreated mice were T cells containing a high level of HIV RNA, human CD163 + CD68 + macrophages containing discrete fuchsia puncta in the nucleus (the sense strand of integrated HIV DNA) and cytoplasm (HIV RNA) were often detected ( Figure 3D, inset) . In contrast, spleens of EFdA-suppressed mice occasionally contained typically CD3 + T cells with a bright fuchsia dot in the nucleus, which indicates the detection of the sense strand of integrated HIV DNA ( Figure 3E ). Further analysis of NSG-BLT mouse spleens 2 weeks after EFdA cessation showed that, in accordance with HIV RNA levels in plasma ( Figure 3B ), the quantity of HIV RNA + cells in the spleen dramatically increased in some, but not all, mice ( Figure 3C ). Notably, within 2 weeks after EFdA cessation, plasma from mouse #26 showed virus rebound to the level of the untreated controls ( Figure 3B ). The spleen from this mouse contained the greatest number of HIV RNA + cells in the spleen at the same time point (Figure 3C,F) . . Two weeks after HIVJR-CSF inoculation, plasma and organs were collected from 7 mice (group A) to verify the establishment of HIV infection. The remaining HIVinoculated mice were treated for 4 weeks with EFdA (10 mg/kg/day by once-daily oral gavage) or were untreated beginning 2 weeks after HIVJR-CSF inoculation. Plasma and organs were collected 6 and 8 weeks after virus inoculation from HIV-inoculated EFdA-treated mice (groups B and C) and HIVinoculated untreated mice (groups E and F). Plasma and organs from uninoculated untreated mice were used as negative controls.
NSG-BLT mice were inoculated with HIVJR-CSF 8 weeks after CD34+ cell injection, and, 2 weeks later, plasma and organs from 7 mice (group A) were collected to verify the establishment of HIV infection. HIV RNA levels in the plasma reached a mean of 3.4 log10 copies per 100 µL ( Figure 3A and 3B, 2 weeks after inoculation), and 4 out of 7 spleens contained numerous HIV RNA + cells with a had appropriate levels of human leukocyte reconstitution in the peripheral blood, which is shown in panel (A). Two weeks after HIV JR-CSF inoculation, plasma and organs were collected from 7 mice (group A) to verify the establishment of HIV infection. The remaining HIV-inoculated mice were treated for 4 weeks with EFdA (10 mg/kg/day by once-daily oral gavage) or were untreated beginning 2 weeks after HIV JR-CSF inoculation. Plasma and organs were collected 6 and 8 weeks after virus inoculation from HIV-inoculated EFdA-treated mice (groups B and C) and HIV-inoculated untreated mice (groups E and F). Plasma and organs from uninoculated untreated mice were used as negative controls.
Viruses 2019, 11, x FOR PEER REVIEW 9 of 29 mean of 1400 HIV RNA + cells per mm 2 ( Figure 3C , 2 weeks after inoculation). Having validated wellestablished HIV infection in the mice 2 weeks after virus inoculation, the remainder of the HIVinoculated mice were treated for 4 weeks with EFdA (10 mg/kg/day by once-daily oral gavage, groups B and C) or were untreated (groups E and F) beginning 2 weeks after HIVJR-CSF inoculation ( Figure  2B ). Plasma and organs were collected 6 and 8 weeks after virus inoculation from HIV-inoculated EFdA-treated mice (groups B and C) and HIV-inoculated untreated mice (groups E and F). Similar to our report [32] , daily oral administration of EFdA at 10 mg/kg/day completely suppressed HIV viremia in NSG-BLT mice within 4 weeks of treatment, but HIV RNA levels in the plasma rebounded to the levels of untreated controls within 2 weeks after EFdA cessation ( Figure 3A and Figure 3B ). We next used a combination of RNAscope ISH and IHC to investigate HIV-infected Next, we compared the size of the cellular HIV reservoir during full EFdA suppression in the spleen (white pulp regions), lung (BALT regions), and Thy/Liv implant ( Figure 4A ,C,E,G). Since there is high variability in the density and total number of cells in different organs [49] , we expressed the number of HIV RNA + cells per 10 5 cells [40] for this comparison instead of mm 2 , which was used in the evaluations of all samples that were from the same organ-the spleen. Although the average number of HIV RNA + cells per 10 5 cells was 2-fold less in lungs than in spleens and even less in Thy/Liv implants, there was no statistically significant difference between the groups ( Figure 4A ). In all three tissues, HIV RNA + cells were rarely detected ( Figure 4C ,E,G). We found the same pattern of the highest number HIV RNA + cells in the spleen and the lowest number in the Thy/Liv implant 2 weeks after EFdA cessation ( Figure 4B ). Two weeks after EFdA, the number of HIV RNA + cells increased 30-fold in the spleens and lungs and 10-fold in the Thy/Liv implants, which demonstrates a dynamic viral spread in all evaluated lymphoid compartments. Notably, after EFdA cessation, we observed hCD163 + macrophages in all three organs with HIV signals in the nucleus, which signifies virus replication ( Figure 4D ,F,H). Based on these data, the spleens were chosen for further experiments. Taken together, the results indicate that, despite fully suppressed HIV viremia in NSG-BLT mice by EFdA treatment, lymphoid tissues sustained a founder population of rare HIV RNA + cells that enabled local virus expansion during the 2 weeks after drug cessation.
Fully Suppressive EFdA Treatment Does Not Eliminate Cells Harboring HIV DNA
The significant decline in the number of HIV RNA + cells we observed in the spleen of EFdA-suppressed mice prompted us to examine the population of cells harboring HIV DNA. HIV DNA was detected by fluorescent ( Figure 5A ,C,D) and chromogenic ( Figure 5B ,E) DNAscope ISH using a target probe specific to the noncoding strand of integrated HIV DNA. HIV DNA was clearly distinguished as a discrete dot in the nucleus of numerous hCD3 + T lymphocytes ( Figure 5A , yellow arrow) and random hCD163 + macrophages ( Figure 5B , inset) in the spleen of HIV-inoculated untreated mice. Human T cells ( Figure 5C , inset) and macrophages ( Figure 5D ,E, insets) containing an HIV DNA signal in the nucleus were also evident in the spleen of EFdA-suppressed mice. During treatment, there was no difference in the number of HIV DNA + cells in spleens from untreated and EFdA-suppressed mice ( Figure 5F ). The same level of HIV DNA + cells was maintained during the 2 weeks after drug cessation. These results reflect the feature of EFdA to inhibit HIV reverse transcriptase-catalyzed pro-viral DNA synthesis [50] and prevent new infection. Therefore, it suggests that the integration of the HIV genome into those HIV DNA + cells occurred before EFdA treatment. Notably, the number of HIV DNA+ cells in the spleen of untreated mice continued to increase to almost 150 HIV DNA + cells/mm 2 8 weeks after virus inoculation and was significantly higher than in the spleen of EFdA-suppressed mice after viral rebound (61 HIV DNA + cells/mm 2 ). Next, we verified that cells harboring HIV DNA during EFdA suppression contain a replication competent virus. Immediately after euthanasia, each mouse spleen was cut in half with one half fixed for RNAscope assays and the other half was used for isolation of spleen cells. When dispersed spleen cells were co-cultivated with PHA-stimulated normal donor PBMC for 7 days, similar levels of infectious HIV (3.0-3.5 log 10 IUPM) were detected in the untreated and EFdA-suppressed groups ( Figure 5G ) even though we assume that greater IUPM should be present in the spleens of untreated mice because the upper limit of IUPM detection was 3.75 log 10 . Thus, despite potent EFdA suppression at the transcriptional level, spleen cells from HIV-infected NSG-BLT mice maintained consistent levels of integrated HIV DNA and are capable of producing a replication-competent virus. Figure 6B ). Similar to the experiment described above (Figure 3C ), we detected a small population of cells containing HIV RNA (a mean of 29 cells/mm 2 ) in the spleens of EFdA-suppressed mice 6 weeks after HIV inoculation ( Figure 6A) . Notably, about 15% of those cells expressed the p24 protein ( Figure 6B,C) . This number declined to 1% when the outlier (mouse #1) was excluded. However, in some spleens (mouse #3, #14, #44), almost 50% of the HIV RNA + cells were p24 + 2 weeks after EFdA cessation ( Figure 6B,D) . In those spleen, we identified local expansion of an HIV + founder population that is outlined by a dotted white line in the inset (Figure 7A,B) . The yellow color in the merged inset indicates spatial overlap between the red HIV RNA signal and the green p24 signal. It represents an HIV + founder cell ( Figure 7B ). Numerous red puncta outlined by the dotted white line are single HIV RNA molecules that may represent spreading putative HIV virions.
detected a small population of cells containing HIV RNA (a mean of 29 cells/mm 2 ) in the spleens of EFdA-suppressed mice 6 weeks after HIV inoculation ( Figure 6A) . Notably, about 15% of those cells expressed the p24 protein ( Figure 6B and Figure 6C ). This number declined to 1% when the outlier (mouse #1) was excluded. However, in some spleens (mouse #3, #14, #44), almost 50% of the HIV RNA + cells were p24 + 2 weeks after EFdA cessation ( Figure 6B and Figure 6D) . In those spleen, we identified local expansion of an HIV + founder population that is outlined by a dotted white line in the inset ( Figure 7A and Figure 7B ). The yellow color in the merged inset indicates spatial overlap between the red HIV RNA signal and the green p24 signal. It represents an HIV + founder cell ( Figure  7B ). Numerous red puncta outlined by the dotted white line are single HIV RNA molecules that may represent spreading putative HIV virions. In spleens from the untreated NSG-BLT mice, the majority of cells expressing a high level of HIV RNA was identified as human CD3 + T cells ( Figure 7C ). These HIV RNA high cells were often surrounded by human CD163 + macrophages containing discrete HIV RNA + red dots in the nucleus and cytoplasm. Almost all the HIV RNA + cells in the spleens of EFdA-suppressed mice were also identified as CD3 + T cells (Figures 3E and 4C ). We performed an extensive co-localization analysis for HIV RNA, p24, and human CD163 or CD3 with 6 spleen cross-sections from each of 6 EFdA-suppressed mice in order to detect very rare hCD163 + macrophages expressing both HIV RNA and p24 ( Figure 7D) . However, the level of expression of both HIV RNA and p24 was less than was observed in macrophages 2 weeks after EFdA cessation ( Figure 7E ). Altogether, these results revealed evidence for a transcriptionally and translationally competent HIV reservoir in the lymphoid compartments of EFdA-suppressed mice.
During Fully Suppressive EFdA Treatment, HIV RNA and Integrated Provirus Were Detected in CD163 + Macrophages
Having detected very unique HIV RNA + p24 + macrophages in the mouse organs, we next performed a comprehensive analysis of HIV RNA expression specifically in macrophages ( Figure 8A ). HIV RNA + cells with and without hCD163 + expression were enumerated, and the number of HIV RNA+ macrophages was expressed as a percentage of total HIV RNA + cells per image acquired at a magnification of 630×. Although the percentage of macrophages containing HIV RNA in the spleens of EFdA-suppressed mice declined with EFdA treatment, there was no statistical difference between the groups with HIV RNA + macrophages representing means of 3% to 9% of total HIV RNA + cells. The number of human CD163 + macrophages containing integrated HIV DNA was slightly higher, and the means varied from 6% to 14% of total HIV DNA + cells ( Figure 8B ). No statistical differences between groups were found by the Mann-Whitney U-test. Two types of HIV + macrophages were frequently observed in the spleens of untreated mice. First, hCD163 + macrophages contained both distinct fuchsia dots in the nucleus by visualizing the sense strand of integrated HIV DNA and solid red dots of HIV RNA in the cytoplasm, which indicates HIV replication ( Figure 8C ). The second type of HIV + macrophage contained only a strong red signal of integrated HIV DNA in the nucleus with no HIV RNA detected in the cytoplasm ( Figure 8D ). This second type of macrophage was commonly detected in the spleens during EFdA suppression. The DNAscope further verified the signal of integrated provirus observed in the nucleus of macrophages by the RNAscope. We incorporated an RNase pretreatment step into the DNAscope assay to ablate HIV RNA detection and used an HIV-1 clade B sense probe that specifically targets integrated viral DNA noncoding strands [40] . The yellow arrows show human macrophages with a bright red dot of HIV DNA located in the blue nucleus stained with hematoxylin ( Figure 8E,F) .
The ability to detect the sense strand of integrated HIV DNA using an HIV gag-pol antisense probe allowed us to detect potential HIV spread from a CD3 + T cell expressing a high level of HIV RNA to an adjacent hCD163 + macrophage with a single pink dot in the nucleus resulting from the spatial overlap of the red HIV DNA signal with the blue DAPI nucleus counterstain ( Figure 9A ). These data demonstrated that CD163 + macrophages in HIV-inoculated NSG-BLT mice may become infected by HIV and prompted us to examine further viral spread after EFdA cessation. The innate immune receptor DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3 grabbing non-integrin) is a well-known enhancer of HIV infection that binds to the HIV envelope glycoprotein gp120 and promotes efficient infection in trans of cells that express CD4 and CCR5 [51] . The DC-SIGN-dependent mechanism of macrophage-HIV virion engagement is essential for both macrophage cis and trans infection [52] . We found that human CD163 + macrophages, which were frequently detected in proximity to HIV-infected T cells, express DC-SIGN protein ( Figure 9B, yellow arrow) . These data were observed in 5 spleens in a total of 3 multiplex fluorescent RNAscope/IHC assays. Next, we performed co-localization analysis for HIV RNA, human DC-SIGN, and human CD3 in 6 multiplex fluorescent RNAscope/IHC assays using 5 spleens from EFdA-suppressed mice 2 weeks after EFdA cessation. Detailed tissue analyses allowed us to monitor the following steps of HIV spread in vivo after EFdA cessation and viral rebound: (1) HIV RNA accumulation along the CD3 + cell membrane of T cells was often accompanied by DC-SIGN clustering on the cell surface of adjacent presumptive macrophages, which resembles DC-SIGN expression at the virological synapse [53] [54] [55] (Figure 9C , yellow arrows). (2) At the site of surface contact between an hCD3 + T cell (white) and a DC-SIGN + presumptive macrophage, HIV virions occasionally appeared with a yellow color that results from the spatial overlap of a red HIV RNA punctum and green DC-SIGN protein, which resembles virion transport across the virological synapse [56, 57] (Figure 9D ). (3) DC-SIGN was highly expressed at the site of surface contact between an HIV-infected T cell abundantly expressing viral RNA and adjacent macrophages with evidence of initial HIV infection. This suggests an HIV spread ( Figure 9E ). (4) Abundant HIV RNA expression by infected DC-SIGN + CD3 -presumptive macrophages. Figure 9F shows discrete HIV RNA puncta likely representing HIV virions that are redistributed from the HIV RNA high cell body (yellow arrow) to the DC-SIGN + cell periphery (white arrow).
Together, these results demonstrate that the spleen of HIV-inoculated NSG-BLT mice is enriched with CD163 + macrophages and that these macrophages are capable of harboring HIV during EFdA suppression. Furthermore, during the 2 weeks after EFdA cessation, they form numerous surface site contacts with T cells expressing a DC-SIGN that seem to be involved in the viral spread. 
Discussion
In this study, we developed an in vivo model of HIV persistence in which viral replication in the lymphoid compartments of humanized mice was inhibited by the highly potent HIV reverse transcriptase inhibitor EFdA to the level of single cells recapitulating ART-suppression in HIV-infected individuals. Investigating the source, composition, and size of the persistent HIV reservoir provides important information about cellular subsets that need to be targeted to facilitate HIV eradication. Tracking the earliest steps of HIV spread from these cellular reservoirs after drug cessation is pivotal for elucidating how infection can be prevented. Therefore, our goal was to identify HIV-infected cells at the single-cell level and to investigate their spatial relationship with neighboring cells within lymphoid tissues during active infection, suppression with EFdA, and after drug cessation. Expanding on our previous report [32] , a humanized mouse model of HIV persistence was generated using NSG-BLT mice. For more than a decade, humanized BLT mice have been successfully employed for the study of HIV pathogenesis, latency, and preclinical evaluation of multiple antiretroviral therapies [30, [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] . In agreement with all these studies, we show in this study that NSG-BLT mice display well-differentiated lymphoid compartments of human origin and are highly susceptible to HIV infection (Figure 1 ). HIV infection in NSG-BLT mice recapitulated key features of HIV infection in the human, including high-titer viremia in untreated mice, suppression of viremia when treated with a highly potent inhibitor of HIV replication, and viral rebound after a treatment interruption.
A significant reduction of cell-associated HIV RNA in lymphoid tissues including bone marrow, Thy/Liv implant, lymph node, liver, lung, and spleen was achieved when BLT mice were treated with EFdA orally administrated at 10 mg/kg/day [68] . However, despite comprehensive quantitative evaluation of HIV RNA levels in purified human cell populations by real-time RT-PCR, the approach used in this study lacked crucial information about viral reservoirs within their native tissue microenvironments comprising distinct cellular compositions and functions. Therefore, our goal was to investigate the localization and phenotypic features of HIV reservoir cells within their tissue milieu and to track viral spread in vivo after drug cessation. We employed a combination of IHC and state-of-the-art RNAscope ISH with single-molecule resolution to focus our study on the human lymphoid compartments developed in NSG-BLT mice for the following reasons. First, despite the fact that peripheral blood reflects events in lymphoid tissues, T cells in the circulating blood represent only about 2% of the total body T-cell pool, and the largest portion of lymphocytes are in the human spleen and lymph nodes with 1% to 9% of total lymphocytes located in the gut lamina propria [70] . Second, in patients on ART, HIV RNA is detected at higher levels in primary lymphoid tissue (tonsil and bone marrow) [42] and secondary lymphoid tissues such as GALT [43, 44] and lymph nodes [45] . In addition, the human lung contains a similar number of CD4 + and CD8 + lymphocytes as the gut [70] . In our study, numerous lymphoid compartments were detected in the lung of NSG-BLT mice that were composed entirely of human cells ( Figure S2 ). An accumulation of B and T lymphocytes intermingled with macrophages around high endothelial venules in the wall of the bronchi is called bronchus-associated lymphoid tissue (BALT) [71] . BALT was first described in the lung of rabbits more than 30 years ago [72] . Furthermore, it represents a normal component of the lung's immune system in many animals. The prevalence of BALT differs between species, but it is largely absent in healthy humans and mice [47, 73] and can be classified as a tertiary lymphoid organ [71] . We found that, in NSG-BLT mice, BALT represented a key lymphoid structure for study of the HIV reservoir. The distribution of HIV RNA + cells in the BALT regions of untreated NSG-BLT mice ( Figure 1E,F) was remarkably similar to that in the GALT regions of rectosigmoid biopsies from untreated HIV-infected individuals ( Figure 1G,H) . During EFdA suppression, the frequency of very rare HIV RNA + cells in the BALT region of the lung was comparable to those observed in the lymphoid white pulp of the spleen and Thy/Liv implant ( Figure 4) . HIV spread during the 2 weeks after EFdA cessation was also consistent in the human lymphoid compartments of the mouse spleen, lung, and Thy/Liv implant, which is indicated by comparable numbers of HIV RNA + cells/mm 2 . These data reflect the similar cellular compositions of the humanized lymphoid compartments in different NSG-BLT mouse organs, which contain many CD4 + T cells positioned in close proximity to each other facilitating cell-to-cell spread of HIV [74, 75] . In chronic infection, HIV replicates mainly in the lymphoid tissue [5, 11, 76] , and splenic T cells contain an average of 3.2 integrated proviruses per cell [77] , which indicates cell-associated transmission of a high multiplicity of infection. In accordance with these reports, a small transcription-competent HIV reservoir was clearly established in the spleen of EFdA-suppressed mice ( Figure 3C ,E, and Figure 4C ). Furthermore, fully suppressive EFdA treatment for 4 weeks did not eliminate cells harboring HIV provirus in the spleen ( Figure 5F ), and quantitative viral outgrowth assays with dispersed spleen cells indicated the presence of replication-competent HIV ( Figure 5G ).
These results are consistent with a recently reported examination of HIV reservoirs in lymph node and gut biopsies after at least 2 years of ART and SIV reservoirs in necropsy tissues from ART-suppressed rhesus macaques [78] . RNAscope ISH technology and quantitative image analysis were used to define HIV and SIV tissue reservoirs on the basis of the number vRNA + , vDNA + , and virus-producing cells. Similar to our data on HIV reservoirs in the lymphoid compartments of humanized mice, Estes et al. detected a prominent consistency in the frequency of vRNA + and vDNA + cells among lymph nodes from different anatomical locations. Moreover, the highest number of cells expressing SIV RNA was detected in lymphoid tissues (lymph nodes, spleen, and GALT) and the lung. ART administered for 20-22 weeks decreased the frequency of SIV RNA + cells by approximately 2 log 10 in lymph nodes but only about two-fold in the gut and spleen. In NSG-BLT mice, EFdA-treatment for only 4 weeks decreased the number of HIV RNA + cells in the spleen by 25-fold, which underscores the great effectiveness of this novel and exceptionally long-lasting and potent HIV drug currently being developed by Merck as MK-8591. On the other hand, EFdA treatment did not significantly impact the quantity of HIV DNA + cells ( Figure 5F ) and the infectious virus ( Figure 5G ). In the rhesus macaque study, ART decreased the mean frequency of vDNA + cells in the lymphoid tissues by 1.7 log 10 , and the frequency of HIV DNA + cells declined by about 3 log 10 in individuals who had been ART treated for >2 years. This may suggest that the elimination of vDNA + cells in HIV-inoculated NSG-BLT mice will require further optimization of the EFdA treatment regimen or that various lymphoid tissues retain different drug concentrations [3, 5] . No changes in the size of the HIV DNA + cell reservoir were observed in gut tissues from ART-suppressed rhesus macaques [78] .
Thus, our results are consistent with the generally accepted concept that suppressive ART does not completely suppress HIV production in tissues. We report in this paper that, during highly potent EFdA therapy, lymphoid tissues of NSG-BLT mice harbor a rare subset of cells producing both HIV RNA and low levels of p24 protein ( Figure 6A -C and Figure 7D ), which represents the translation-competent reservoir [79] . These cells spontaneously produce viral products in the absence of a spreading infection and may rapidly reseed HIV infection after drug cessation, which we have observed as a 50-fold increase in the frequency of HIV RNA + p24 + cells during the 2 weeks after EFdA cessation ( Figure 6B ,D and Figure 7A,B) . Despite the fact that not all translation-competent proviruses are also replication competent [80, 81] , it was suggested that the translation-competent cellular reservoir must be considerably enriched to be replication competent [82] . Consequently, identification of translation-competent cellular reservoirs was performed by the simultaneous detection of the HIV protein and HIV RNA by an RNAflow technique in samples from untreated and ART-treated individuals after in vitro re-stimulation [79, 83] . We further expanded this approach by adding the spatial localization of HIV reservoir cells within their tissue milieu. In spleens two weeks after EFdA cessation, we detected a distinctive pattern of a viral spread represented by red puncta of HIV RNA + putative virions releasing from a cell that was HIV RNA + and p24 + . These data are consistent with the suggestion [82] that single cells containing transcription/translation-competent viruses and producing viral proteins during ART may represent the cell population from which an HIV rebound may occur.
The work presented in this paper also focused on macrophages as an intriguing source of an infectious virus during suppressed HIV infection and on interaction of macrophages with T cells during drug cessation. Although HIV infection of macrophages was reported more than three decades ago [84] , the study of HIV cellular reservoirs that support viral persistence focused mainly on CD4 + T cells, and the role of macrophages in HIV persistence continues to be controversial. We and others have demonstrated the presence of HIV RNA + or HIV DNA + macrophages in the gut of ART-suppressed HIV-infected individuals [48, 85, 86] . HIV infection of macrophages has been studied intensively in humanized mouse models [30, 87] . The ability of HIV to infect and persist in macrophages during ART was recently demonstrated in humanized myeloid-only mice [88] . In accordance with these observations, we report that lymphoid tissues of HIV-inoculated NSG-BLT mice are enriched with human CD163 + macrophages that are able to harbor HIV during EFdA suppression, which is indicated by nuclear localization of the integrated provirus ( Figure 5D ,E and Figure 8E,F) . Moreover, we show in this study for the first time that some of those human CD163 + HIV RNA + macrophages are able to maintain a low level of p24 production during ART suppression ( Figure 7D ). This finding suggests that very rare CD163 + macrophages containing transcription/translation-competent viruses and also producing p24 may promote HIV recurrence if ART is stopped. Despite the fact that the frequency of both HIV RNA + and HIV DNA + macrophages was not changed during the two weeks after the drug cessation ( Figure 8A ,B), these cells increased in p24 production ( Figure 7E ). SIV infection promoted a significant increase in CD163 + macrophages in the spleen of pigtailed macaques, and they were highly susceptible to SIV [89] .
Macrophages participate in HIV dissemination by various mechanisms of cell-to-cell transfer including selective capture and engulfment of HIV-infected T cells leading to efficient infection of the macrophage [90] , heterotypic envelope-dependent cell fusion leading to the formation of lymphocyte-macrophage fused cells [91] , and virological synapse formation [74, 75, 92, 93] . Virological synapses are transient, polarized zones of surface contact between HIV-infected and uninfected cells where viral particles are concentrated and transferred from cell-to-cell [54] . Notably, in our study, CD163 + macrophages expressed DC-SIGN at the surface contact points with presumptive T cells expressing a high level of HIV RNA ( Figure 9B ). Numerous sites of DC-SIGN + cell contact formed by CD3 + DC-SIGN -T cells and CD3 -DC-SIGN + presumptive macrophages were observed ( Figure 9C-F) . DC-SIGN, which is a mannose-specific C-type lectin receptor with a high affinity for the intercellular adhesion molecule ICAM, is expressed on the surface of macrophages, dendritic cells, and B cells [53] . The DC-SIGN expressed on the surface of dendritic cells efficiently captures HIV virions in the periphery by binding to gp120 and transporting them to target T cells in the secondary lymphoid organs. It enhances their trans infection by forming virological synapses [51, 94] . Virological or infectious synapses are adhesive structures formed between infected and uninfected cells that enhance HIV cell-to-cell spread [74, 75, 92, 93] . After encountering target CD4 + T cells, virions in dendritic cells re-localize to sites of DC-SIGN + cell contact at the virological synapse and efficiently transfer the virus [57] . The latter is very intriguing because, during the two weeks after EFdA cessation, we observed numerous sites of DC-SIGN + cell contact co-localized with concentrated HIV RNA puncta ( Figure 9C-E) . These in vivo data reinforce the role of the DC-SIGN in HIV pathogenesis [51] and highlight a mechanism that could be crucial for developing strategies to prevent or block further HIV infection. It is of interest that the macrophage-mediated HIV trans infection of autologous CD4 + T cells is associated with the control of disease progression. It is impaired in HIV-infected non-progressors [52] . Furthermore, the inability of macrophages to trans infect autologous T cells in non-progressors was found to be cholesterol-dependent and related to a low expression of the DC-SIGN.
In summary, we have established in this study a humanized mouse model of HIV persistence using NSG-BLT mice and a highly potent HIV reverse transcriptase inhibitor EFdA with the goal of recapitulating key features of HIV persistence in humans. We used a combination of state-of-the-art ISH technology (RNAscope) and immunohistochemistry to quantitatively investigate the composition and distribution of HIV reservoirs within lymphoid tissues. We found that the lymphoid compartments of EFdA-suppressed humanized mice harbor very rare transcription/translation-competent HIV reservoirs that may enable viral rebound. Although CD3 + T cells constituted a large component of the HIV reservoir, a small subset of CD163 + macrophages harboring HIV RNA or DNA was also identified. Our finding that very rare HIV RNA + macrophages are capable of producing low levels of p24 in vivo during EFdA suppression indicates that CD163 + macrophages might support HIV persistence during ART suppression. The monitoring of the HIV spread in the NSG-BLT mouse spleen two weeks after EFdA cessation further suggests that highly expressed DC-SIGN on macrophages at the site of cell contact co-localizing with concentrated HIV RNA puncta could be involved in the formation of virological synapses, which facilitates efficient viral spread and rapid viral rebound. Targeting the ability of macrophages to mediate highly efficient HIV trans infection of CD4 + T cells could be a promising therapeutic approach for eliminating the viral reservoir. 
